ABSTRACT Ninety-nine Escherichia coli and 33 Salmonella isolates were assessed for antimicrobial susceptibility (disc diffusion test). Sulfonamide and tetracycline resistance genes were identified through PCR, and class 1 and class 2 integrons with resistance gene cassettes were identified with PCR followed by sequencing. Salmonella (63.6%) and E. coli (85.8%) isolates were multidrug resistant (resistance to 3 or more antimicrobials), and the highest incidences of resistance were observed for tetracycline, nalidixic acid, and sulfamethoxazole. The sul1, sul2, tetA, and tetB resistance determinant genes were predominant in E. coli, whereas only sul2 and tetA were identified in Salmonella isolates. In the E. coli isolates, 54 (54.5%) class 1 integrons, 6 (6.1%) class 2 integrons, and 5 (5.1%) class 1 and class 2 integrons together were detected, whereas only 3 (9.1%) integrons were found in the Salmonella serovars. Around 87% of the integrons in E. coli harbored resistance gene cassettes conferring resistance to streptomycin/spectinomycin (aadA, aminoglycoside resistance gene), trimethoprim (dfrA, dihydrofolate reductase gene), streptothricin [sat1 and sat2 (streptothricin acetyltransferase), and estX (putative esterases)]. The most common gene cassettes were aadA1+dfrA1 and dfrA1+sat2+aadA1 in class 1 and class 2 integrons, respectively. Other cassettes including aadA5+dfrA7, dfrA12+aadA2, aadA2+aadA1+dfrA12, and aadA5+aadA2/dfrA7 were also identified. Among the Salmonella serovars, Salmonella Malmoe harbored aadA1+dfrA1 and dfrA12+sat2+aadA1 genes. The aadA1, aadA2, sat2, and dfrA1 had wide variation in similarity among themselves and from previously reported genes worldwide. The diverse gene cassettes could be responsible for the prominent resistance profiles observed and a potential source for dissemination of antimicrobial resistance determinants to other bacteria.
INTRODUCTION
Recently, a dramatic increase in antimicrobial resistance in different species of bacteria, particularly multidrug-resistance in Salmonella and Escherichia coli, continue to emerge throughout the world because antimicrobials are extensively used for therapeutic and prophylactic purposes in animals and humans (Hsu et al., 2006) . Several mechanisms for the development of antimicrobial resistance exist and are readily spread to a variety of bacterial genera. Bacteria may acquire efflux pumps that extrude the antibacterial agent from the cell before it can reach its target site and exert its effect; efflux pump coding plasmids include tetA, tetB, tetC, tetD, and tetG genes for tetracycline resistance (Michalova et al., 2004) . Additionally, bacteria may acquire several genes for a metabolic pathway which ultimately produces a metabolite that no longer contains the binding site of an antimicrobial agent. Commonly, sulfonamide resistance in gram-negative bacteria generally arises from the acquisition of 2 genes, sul1 or sul2, encoding forms of dihydropteroate synthase that are not inhibited by the drug (Enne et al., 2001 ).
Recently, a major public health challenge has been the spread of antimicrobial resistance determinants in bacterial populations and consequently the transfer of these genes from animals to humans (Lupo et al., 2012) . In addition to plasmids, other genetic elements that participate in resistance gene transfer and the consequent development of antimicrobial resistance in bacteria are transposons and integrons (Wright, 2010) . Of these, integrons are capable of capturing and excising gene cassettes according to Hall and Collis (1995) , are natural genetic engineering platforms that encode resistance to several antimicrobial agents, and are fre-quently associated with the development of multidrug resistance in gram-negative bacteria. Class 1 integrons, the most common type, mostly found as part of the Tn21 or Tn402 transposon family, have been detected in bacteria in many regions (Fluit, 2005) . They contain a 5′ conserved segment (5′CS) and a 3′ conserved segment (3′CS). The 5′CS includes the gene for class 1 integrase (intI1) and a recombination site (attI1). The 3′CS includes qacEΔ1 (quaternary ammonium compound) that confers resistance to quaternary ammonium compounds and sul1 that confers resistance to sulfamethoxazole (Carattoli, 2003) . Class 2 integrons are similar to class 1 integron in having an integrase gene and a recombination site but not the sul1 gene in the 3′CS. These 2 classes of integrons are usually identified in Enterobacteriaceae. Evolution of bacterial antimicrobial resistance and its spread and emergence represent one of the most threatening health care problems. In this study, antimicrobial susceptibility, resistance genes, integrons, and their cassettes were characterized in E. coli and Salmonella isolates from poultry feces and chicken carcasses, respectively.
MATERIALS AND METHODS

Bacterial Isolates
A total of 132 bacterial isolates consisting of 99 E. coli isolated from apparently healthy chicken feces and 33 Salmonella (Salmonella Enteritidis, n = 16 and other serovars, n = 17) isolated from the same chicken after slaughter in 2011 in Korea were investigated in this study. All E. coli and Salmonella isolates were isolated and identified following conventional methods described elsewhere (Kim et al., 2007) . Salmonella isolates were previously serotyped according to the Kauffman White scheme by the slide agglutination test using Salmonella-specific O and H antisera (Difco, Detroit, MI).
Antimicrobial Susceptibility Test
All E. coli and Salmonella isolates were subjected to a susceptibility test against 14 antimicrobials on Mül-ler-Hinton agar (Difco) with the Kirby-Bauer disc diffusion methodology (Bauer et al., 1966) . The following antimicrobial discs (Difco) were used: gentamicin (10 μg), kanamycin (30 μg), ampicillin (10 μg), cefotaxime (30 μg), nalidixic acid (30 μg), ciprofloxacin (5 μg), tetracycline (30 μg), sulfamethoxazole-trimethoprim (1.25/23.75 μg), chloramphenicol (30 μg), ceftazidime (30 μg), amoxicillin-clavulanic acid (30 μg), neomycin (30 μg), ceftriaxone (30 μg), and sulfamethoxazole (100 μg). According to the CLSI (2011) M100-S21 guidelines, inhibition zones were measured and evaluated as susceptible or resistant. An isolate was considered multidrug resistant if it was resistant to 3 or more antimicrobials. Escherichia coli strain ATCC 25922 was used as a reference strain.
Analysis of Antimicrobial Resistance Genes
The DNA for all experiments was extracted by the boiling method (De Medici et al., 2003) , and aliquots of DNA templates were stored at −20°C until used. Plasmid replicons were examined by PCR for the sulfamethoxazole and tetracycline resistance phenotypes of E. coli and Salmonella isolates with the primers presented in Table 1 . Sulfonamide resistance genes sul1 and sul2 (Kerrn et al., 2002) and tetracycline resistance genes tetA, tetB, tetC, tetD, tetE, and tetG were tested as previously described (Zhao and Aoki, 1992; Levy et al., 1999; Miranda et al., 2003) .
Characterization of Integrons and Their Cassettes
All E. coli and Salmonella isolates were screened for the presence of class 1 and class 2 integrons. The presence of gene cassettes in the integron positive isolates were assessed through PCR assay with primers presented in Table 1 . The PCR conditions were as follows: initial denaturation at 94°C for 5 min, followed by 35 cycles at 94°C for 30 s, 58°C for 30 s, and 72°C for 2 min with a final extension at 72°C for 5 min. Furthermore, integron positive isolates were assessed for the entire 3′CS (qacEΔ1-sul1). The PCR products of the gene cassettes were purified using GFX PCR DNA and the Gel band purification kit (Amersham Bioscience, Freiburg, Germany) and sequenced using the Sanger method by the Macrogen company (Daejeon, Korea). Gene cassette homology searches were performed by Basic Local Alignment Search Tool (BLAST) analysis (www.ncbi.nlm.nih.gov/BLAST).
RESULTS
Antimicrobial Susceptibilities
The results of the antimicrobial susceptibility tests for Salmonella and E. coli are presented in Table 2 . The highest incidence of resistance observed were for tetracycline (n = 87; 87.9%), nalidixic acid (n = 77; 77.8%), sulfamethoxazole (n = 73; 73.7%), ampicillin (n = 61; 61.6%), ciprofloxacin (n = 37; 37.4%), and sulfamethoxazole-trimethoprim (n = 36; 36.4%). Among the E. coli isolates, 85.8% were multidrug resistant. Similarly, Salmonella isolates (63.6%) were also multidrug resistant and commonly resistant to tetracycline (n = 23; 69.7%), sulfamethoxazole (n = 31; 93.9%), and nalidixic acid (n = 22; 66.7%) as shown in Table 2 . A variety of resistance patterns was found in the E. coli isolates and in isolates that harbored integrons shown in Table 3 .
Antimicrobial Resistance Genes
From the 99 E. coli isolates tested, 36 isolates harboring integrons and 11 isolates without integrons (n = 47; 47.5) had sul1. Among these, 10 isolates did not exhibit resistance to sulfamethoxazole. The sul2 (n = 15; 20.5%), tetA (n = 55; 63.2%), and tetB (n = 30; 34.5%) resistance genes were identified among the sulfamethoxazole-and tetracycline-resistant isolates. However, 3 isolates that did not show resistance to sulfamethoxazole also carried the sul2 gene. In contrast, isolates (n = 13, 14.9%) without the tet genes also showed resistance to tetracycline. Similarly, the sul2 (n = 26; 78.8%) and tetA (n = 8; 24.2%) genes were also found among the Salmonella isolates. However, the sul1 and tetB genes were absent.
Characterization of Integrons and Their Cassettes
A total of 70 (70.7%) and 3 (9.1%) integrons were detected in E. coli and Salmonella isolates, respectively. All integrons harboring E. coli isolates were multidrug resistant (Table 3 ) except for 4 isolates that were resistant to 1 or 2 antibiotics. In the E. coli isolates, class 1 integrons (n = 54; 54.5%), class 2 integrons (n = 6; 6.1%), and class 1 and class 2 integrons mutually (n = 5; 5.1%) were detected. Except for 3 isolates, all E. coli isolates that lacked integrons were also multidrug resistant, ranging from 4 to 8 antibiotics (n = 13) to 3 antibiotics (n = 11). Part of the integral structure of integron qacEΔ1, which confers resistance to compounds derived from quaternary ammonium, was identified in 46 integron harboring E. coli isolates. Among these, 27 isolates had the entire 3′CS (sul1-qacEΔ1) of the integron shown in Table 3 , whereas 11 integron harboring E. coli isolates completely lost the 3′CS and the others contained either sul1 or qacEΔ1.
Almost 87% (61/70) of the integrons in E. coli harbored resistance gene cassettes, and to identify the type of genes, all cassettes were fully sequenced. The most common cassette amplicon in the class 1 integons was 1,600 bp (n = 32), which had aadA1+dfrA1 in 27 isolates and the dfrA7+aadA1/aadA5, dfrA17, aadA2+aadA2, and aadA1+aadA2 genes separately in single isolates. In addition, gene cassettes 2,000 bp (n = 11) and 1,000 bp (n = 9) in size were also amplified in the class 1 integrons. Among the 2,000-bp cassettes, 4 isolates harbored dfrA12+aadA2, 2 isolates harbored aadA1+dfrA1, and the remaining harbored aadA2+aadA1+dfrA12, aadA5+dfrA17, dfrA7+aadA5/aadA1, and aadA1+aadA1 gene combinations separately in single isolates. The prevalent cassettes amplified for the class 2 integrons with a size of 2,300 bp were dfrA1+sat2+aadA1 (n = 4), followed by sat1+aadA1 (n = 2) and estX+aadA1 (n = 1; Table  3 ). The gene cassettes detected from the Salmonella serovars are also included in Table 3 .
It is very important to point out that there was variation between similar genes identified. There were 3 different groups of aadA1 genes as follows: the first group (aadA1 b = 35), thirty-four 99% and one 90% sequence identity to GenBank accession no. ACI43574.1; the second group (aadA1 b1 = 7), six 99% and one 62% sequence identity to GenBank accession no. ABP35560.1; and the third group (aadA1 b2 = 7), 99% sequence identity to GenBank accession no. ABX75126.2. There were 3 groups of aadA2 genes as follows: the first group (aadA2 b4 = 6), 96 to 100% sequence identity to GenBank accession no. CAG342231; the second group (aadA2 b6 = 2), one 91% and the other 99% sequence identity to GenBank accession no. CAG342231; and the third group (aadA2 b7 = 2), one 99% and the other 94% sequence identity to GenBank accession no. ACJ47203.1. All dfrA genes showed 99% similarity to the cassettes in GenBank shown in Table 3 except for 3 dfrA1 genes that had 93% sequence identity to a gene cassette from an uncultured bacteria (GenBank accession no. AAM77080.1). Moreover, sat2 genes with 85 and 93% sequence identity to GenBank accession no. ABQ52455.1 were also detected.
DISCUSSION
Enterobacteriaceae are significant causes of serious infections in humans and animals, and many of the most important members of this genus, particularly E. coli and Salmonella, are becoming increasingly resistant to commercially available antibiotics. The present study showed the highest incidences of resistance to tetracycline, nalidixic acid, sulfamethoxazole, ampicillin, ciprofloxacin, and sulfamethoxazole-trimethoprim, which are the most commonly used antibiotics in humans and in farm animal production.
Resistance development is possibly associated with the long-term and widespread use of antimicrobials. More than 600 tonnes of antimicrobial agents are consumed every year as feed additives in Korea (KFDA, 2006) , and the relationship between antimicrobial usage and the development of resistance is also well documented despite resistance development being multifactorial (Phillips et al., 2004) . The high incidence of multidrug resistance, 85.8% observed in E. coli as well as 63.6% in Salmonella isolates, is exceptionally prominent and should be considered as a serious health threat in view of the fact that multidrug-resistant isolates may have a chance to contaminate food products and consequently transfer to humans. The highest tetracycline resistance phenotypes observed in the E. coli isolates were linked to the presence of the tetA gene (63.2%) and considered to be the gene commonly identified followed by tetB (34.5%) in the E. coli isolates. They are among the most widespread tet genes found in Enterobacteriaceae and their occurrence was within the range reported by other investigators (Lanz et al., 2003) . Because sul1 is usually associated with transposons and integrons as part of the 3′ conserved structure, it was commonly identified in our E. coli isolates in agreement with earlier studies that reported sul1 and sul2 to be common among bacteria from the Enterobacteriaceae family (Antunes et al., 2003) . However, the sul2 gene was exclusively the mechanism of resistance to sulfonamides in the Salmonella isolates, corresponding to the lower detection of integrons in the Salmonella isolates, which disagrees with the findings of Antunes et al. (2005) reporting that sul1 was the mechanism of resistance in Salmonella isolates.
The total incidence of integrons at 70.7% was higher than the integrons detected in clinical E. coli isolates in previous reports at 54.6% in Korea (Yu et al., 2004) , but lower when compared with a report on E. coli isolated from clinical patients in China (Hsu et al., 2006) and E. coli isolated from animals in Ireland (Karczmarczyk et al., 2011) . Similar to previous reports (van Essen-Zandbergen et al., 2007; Soufi et al., 2009; Vinué et al., 2010) , class 1 integrons (59.6%) were the most frequent type of integrons detected in this study followed by the detection of class 2 integrons (11.1%) in E. coli, and the lower detection of integrons in Salmonella isolates is in accordance with the finding of van Essen-Zandbergen et al. (2007) .
We confirmed the predominance of gene cassettes conferring resistance to streptomycin and to spectinomycin (aadA), trimethoprim (dfrA), and streptothricin (sat1, sat2, and estX) carried by class 1 and class 2 integron harboring E. coli isolates. The persistence of these genes, which have been reported worldwide in isolates from different origins, might be associated with the extensive use of streptomycin/spectinomycin, trimethoprimes, sulfonamides, and other antibiotics in food-producing animals. There is no definitive link between the dfrA genes and the use of SMT/sulfamethoxazole-trimethprim in farms. Each of the intgrons with dfrA genes also had an aadA1 and most had a sul1 gene; thus, coselection of integrons with either streptomycin or sulfonamides may have contributed to SMT/ sulfamethoxazole-trimethoprim resistances as well.
The aadA1 gene cassettes from the first and second groups that had 90 and 62% homologous sequence identities to a gene cassette found in E. coli isolated from bovine mastitis in China (GenBank accession no.
ACI43574.1) and in E. coli isolated from turkey in the United States (GenBank accession no. ABP35560.1), respectively, had mutations at different positions showing substitutions of around 20 amino acids. Similarly, the aadA2, dfrA1, and sat2 genes with sequence identity below 95% to a cassette in GenBank also showed mutations at different codons. This suggests that gene cassettes are becoming more diverse and evolutionarily diverging from their previous ancestors.
Of all the E. coli isolates that had integrons, 9 isolates (13.8%) did not carry gene cassettes, the so-called empty integrons. This situation also has been described previously by Fonseca et al. (2005) pointing out that these bacteria can have the potential in the future to convert themselves rapidly into multidrug-resistant strains. However, on the contrary, the integrons might have previously removed the acquired resistance gene cassettes through excision for unknown reasons.
The high incidence of multidrug-resistance in E. coli and Salmonella isolates in poultry feces and carcasses is of special interest, especially in terms of human health. Most of these resistant isolates carry integrons containing resistant gene cassettes. Thus, it is crucial to track the evolution of multidrug-resistant isolates in poultry and to analyze the implications for humans. Surveillance of integron content in E. coli and Salmonella populations can provide useful information concerning the evolutionary changes of gene cassettes, which may be fundamental in estimating the health risk and preventing the spread of particular antibiotic resistance determinants from animals to humans.
